Photobleaching reactions of¯uorescein and Rose Bengal molecules dissolved in PVA matrices were studied as a function of the temperature. We used and compared two theoretical approaches to describe these photobleaching kinetics. Photobleaching quantum yield calculations were done using an adapted model (B-model) for polychromatic excitation that allowed us to estimate the average number of photons absorbed by each dye molecule before its bleaching. The other model uses exponential functions allowing us to calculate rate constants and activation energy. A slower photobleaching process was obtained for Rose Bengal sorbed in PVA matrices compared with uorescein. We also obtained that the Rose Bengal photobleaching process is always single-exponential kinetic independent of the polymer relaxation process. Nevertheless,¯uorescein photobleaching reaction is bi-exponential process at higher concentrations and it is strongly dependent on the polymer relaxation processes. These results were interpreted in terms of the different ef®ciencies among the processes involving quenching of the lowest triplet state. #
Introduction
The xanthene dyes molecules have been used in many scienti®c and technological applications like dyes for laser systems, solar energy accumulators, holographic recording, immunoassay analysis and others. Among the polymer properties as low cost, high processability, light transparency, chemical and thermal stabilities, polymers are also interesting media for nonlinear-optical devices, optical computing, and selective chemical reactions [1±4] .
The bleaching of xanthene molecules when exposed to electromagnetic radiation is a well-known phenomenon. While photobleaching must be avoided or minimized in dye lasers and immunoassays, it is a necessary process for holographic image printer. The information related to the photobleaching mechanism and its temperature dependence is, therefore, important for both fundamental studies and technological applications [5±8] .
The chemical mechanism of xanthene photobleaching is very complex [5±12] . Fluorescein irradiated by visible light is photoreduced and produces a di-hydro leuco-dye [9] . Halogenate¯uorescein derivatives are also photoreduced by visible light producing photodehalogenate colorless forms, depending on the excitation wavelengths. For example, if Rose Bengal is irradiated with green light a sequential removal of the iodine atoms of the xanthene moiety is observed while the chlorine atom elimination of the phenyl moiety is only produced if shorter wavelengths (blue-green) light is employed [10, 11] . Several experimental results demonstrated that the lowest triplet state is the intermediate state of the photobleaching reactions of xanthene dyes [2, 5, 8, 9] .
In recent works we demonstrated that¯uorescein photobleaching reaction rate increases with the temperature increase and becomes faster at temperatures above the poly(vinyl alcohol) (PVA) glassy transition [12] . Moreover, the kinetic description of the bleaching process is strongly dependent on the dye concentration. We also demonstrated that a single-exponential photobleaching rate constant could describe the reaction kinetic at lower concentrate samples. However, for higher concentrate samples, we were only able to describe the photobleaching kinetic by a bi-exponential function that includes a faster bleaching process involving D-D interaction [2, 5, 12] . Nevertheless, the relative importance of the PVA medium for the reaction mechanism has not been well established [1, 12] .
In general, the requirement for kinetic description using bi-exponential function for dyes in polymer matrices can be interpreted by the presence of, at least, two different types of sorption sites for the guest molecules [13±18] . It is also assumed that the guest molecules exhibit different photophysical and photochemical properties [13±18] . Moreover, the bi-exponential photobleaching behavior should also be present if more than one type of reaction mechanism is operative [8, 19] . We assumed earlier that the reason for the presence of a single-exponential photobleaching of¯uor-escein in lower concentrate and a bi-exponential for higher concentrate PVA matrices resulted of a sequential occupation of sites with different dye-polymer interaction strengths. In this work we will study if this is a general behavior for xanthene dyes [12] .
In the present work we are comparing the temperature and dye concentration effects upon the photobleaching kinetics of two xanthene dyes dissolved in PVA:¯uorescein and Rose Bengal. These two xanthene dyes present very different triplet quantum yields due to the presence of inner heavy atoms [20] and we will compare the relative importance of the electronic triplet state population on the effectiveness of the photobleaching response. In addition, we are reporting the results for the temperature dependence of the photobleaching reactions induced by a xenon lamp irradiation at several temperatures. We also applied two theoretical kinetic treatments to match the experimental data: a mono-exponential decay model and a modi®ed version of the model proposed by Dubois et al. [21] to calculate the reaction quantum yield (B-model). Some necessary modi®cations of the original B-model were presented allowing its application to photochemical reaction with polychromatic instead of monochromatic irradiation. Using both models we have computed the average number of absorbed photons by each dye molecule before it bleaches and we compared the photobleaching ef®ciencies for both xanthene dyes.
Experimental
Poly(vinyl alcohol) (PVA) (Aldrich Chemical) M W 124 000 g mol À1 , 87±89% hydrolyzed, was used as received, and some of its properties was described elsewhere [22, 23] .
Fluorescein (FL) and Rose Bengal (RB) (Aldrich Chemical, Analytical grade) were recrystallized from an ethanolic solution, dried under vacuum and stored in dark. The dyed-PVA ®lms were prepared as described elsewhere [22, 23] . The dye concentrations were de®ned as 0.1% and 0.01% in mass. All of the doped ®lms have good optical transparency and their thickness range was ca. 58±60 mm.
A diagram of the experimental setup is shown in Fig. 1 [24] . The photobleaching processes of the dyed ®lms were performed selecting the wavelengths of a xenon arc lamp by a cassette of interference/cutoff ®lters, chopped at 23 Hz and focused onto the sample surface. A 5 Â 5 mm ®lm slice was covered with an aluminum disk with a 1 Â 1 mm square hole that was placed in a vacuum sealed head cryo-system (APD Displex 204 system) equipped with Suprasil quartz windows. Since the light focus had a spot with 5 mm diameter, the radiant power that reached the sample was almost insensitive to its position. The sample¯uorescence emission was collected from the back face and was focused by a cylindrical lens on the entrance slit of a 50 cm Ebert monochromator (Spex model 500M). The emission at selected wavelength was detected by an EMI 62565 PMT, the current generated was converted into potential difference by a Keithley (610C) electrometer and the signal was analyzed by a lock-in ampli®er (Stanford Research SR530). A more detailed description of the instruments was reported elsewhere [24] .
The photobleaching reaction was measured following the dye¯uorescence intensity at ! em (FL) 515 nm and ! em (RB) 590 nm. The experimental data were collected at intervals of 5 or 10 s during a maximum of three hours, depending on the reaction rate. This procedure was repeated for several temperatures from 260 to 400 K, which was selected by a digital temperature controller (Scienti®c Instruments, model 9650) with a precision of AE0.5 K.
Theoretical background
The experimental photobleaching curves were matched using two different theoretical approaches: (1) B-model, that was adapted from that developed by Dubois et al. [21] allowing us to estimate the photobleaching quantum yield and the reaction decay constant; (2) an exponential equation for the¯uorescence intensity versus photo-reaction time allowing us to determine both the rate constants and activation energies. The goodness of the ®t for both models was analyzed taking into account two parameters: the 1 2 values and the distribution of residuals. We also compared the rate constants calculated using both models.
In this topic a summary of the analytical solutions for both models is presented. The B-model was developed for photo- chemical reactions induced by a monochromatic radiation [21] and for the numerical evaluation of the quantum yield it must be signi®cantly modi®ed. On the other hand, multiexponential functions were successfully applied to describe the photobleaching kinetic reaction of¯uorescein in PVA matrix [12] . Since these two models generate different parameters, they could only be compared if speci®c equations for decay constants should be deduced. Therefore, we are presenting the background necessary to establish the modi®ed B-model and how the calculated decay rate constants can be obtained and compared using both models.
B-model
Let us consider, using the same notation proposed by Dubois et al. [21] , that under irradiation the dye-1 molecule bleaches to another dye-2 molecule. We de®ne the z-axisaxis perpendicular to the sample surface with thickness, L, and parallel to the incident excitation beam. Let's also de®ne the molecular density per area unity, N 1 (z,t) and N 2 (z,t), as the population of dye-1 (unbleached) and dye-2 (bleached), respectively, which are dependent on both time and distance from the sample surface. Let's also consider N 0 as the total number of dye molecules present in the media. Then
The number of molecules of dye-1 and dye-2 along the sample thickness is
and considering that z is equal to the total thickness ®lm L
Considering that the photon¯ux through the sample thickness depends on its composition and that the photobleaching process is continuously occurring, we can write:
where n 0 is the incident¯ux of photons with wavelength !; ' 1 and ' 2 are the absorption cross sections, at !, for unbleached and bleached molecules, respectively; and, Á' ' 1 À' 2 [21] . De®ning B as the average number of photons absorbed by a dye-1 before it bleaches, the B À1 is equivalent to the quantum yield for photobleaching reaction, and the local bleaching rate is [21] 
All of these parameters were described earlier.
Eq. (5) can be integrated taking into account that J 1 (L,0) J 0 , resulting
To simplify the evaluation of J 1 (L,t) in Eq. (6) we considered two approximations: the sample is very thick and, then, the z parameter could be considered independent of the photon¯ux, and, the dye-2 (bleached molecule) absorption coef®cient at ! exc is virtually nil. Then, ' 2 0, and Á' ' 1 and Eq. (6) is re-written as:
where: I Fn is the normalized¯uorescence intensity calculated over the whole spectral range and I F (t) and I F (0) are the¯uorescence intensities at time t and t 0, respectively.
The evaluation of B (the average number of photons absorbed by dye-1) assumes the knowledge of some parameters: the absorption cross section, ' 1 , the initial¯ux of photons J 0 ; and the time-dependence of the dye concentration, which can be determined matching Eq. (7) to the experimental photo-reaction data.
As pointed out earlier, since the Eq. (7) is applied if monochromatic irradiation is used, the absorption cross section ' 1 is referred to one speci®c excitation wavelength. To estimate this value in experiments using polychromatic excitation source we established the following approach: (1) an excitation band is selected by a set of optical ®lters ( Fig. 2(a) ) coincident with the maximum absorption spectrum of¯uorescein (Fig. 2(b) ) or Rose Bengal in the visible region. (2) The integrated radiation intensity transmitted by the ®lter set was measured using a semiconductor radiometer, and the incident photon¯ux was calculated,
The effectively absorbed photons for a speci®c wavelength range were supposed to be the product between the excitation intensity I l (light source intensity) and A l (sample absorption) and the resulted curve for¯uorescein is presented in (Fig. 2(c) ). This should be interpreted as a weight average absorption curve for unbleached dye and its integral is the average cross section value, ' 1 , centered at the band maximum. (4) The wavelength at the intensity peak has been related to the maximum overlap between curves in (Fig. 2(a) ) and (Fig. 2(b) ) and is determined by
integrated over the whole band. These average values are: h!i 445 nm and h!i 490 nm for¯uorescein and Rose Bengal, respectively. Therefore, using these procedure ' 1 (FL) (! abs 445 nm) 10.5 m 2 /mol and ' 1 (RB) (! abs 490 nm) 6.1 m 2 /mol were calculated. Assuming that the dye concentration is very low to prevent bimolecular photochemical or photophysical processes and that the dye ability to absorb the excitation light is governed by the Beer's law, the¯uorescence intensity will be proportional to the dye concentration in the electronic ground state. In the case of the present model the¯uores-cence intensity will be proportional to J 1 (L,t).
Finally, in an attempt to compare the two kinetic models we must de®ne equations for the numerical evaluation of the decay constant. The equation for the decay constant can be derived assuming that the right side of Eq. (7) 
Exponential approach
The exponential approach to describe kinetic processes occurring in polymer medium introduces a sum of two or more exponential functions to ®t the experimental decay curves:
where: I F (t) is the time-dependent¯uorescence intensity, proportional to the electronic ground state population; A i is a pre-exponential factor interpreted as an amplitude factor proportional to the relative contribution of every rate constant; C is an integration constant; and ( i is a lifetime de®ned as the time necessary for the emission reaches to 1/e of the initial value. We have shown earlier that a bi-exponential function is the best representation for the experimental data [12] of the photobleaching processes for 0.1%¯uorescein in PVA at temperatures below the PVA glassy transition (T g 350 K). Nevertheless, a single exponential function is able to give reasonable description of the photobleaching process for 0.01%¯uorescein in PVA. These results were interpreted by the inhomogeneous distribution of the dye molecules average over, at least, two different types of guest sorption sites: one containing isolate molecules and other containing molecules separated by the Fo Èrster radium. Above T g , the polymeric matrix properties tend to be equalized and their time dependent processes, including photobleaching reactions, can be described by a single exponential function, such as in viscous media [13±15] . Therefore, the bi-exponential photobleaching decay was not only a more accurate model at higher concentrations but also demonstrated that a faster process involving triplet-triplet and triplet-ground state dye molecules interactions (D±D) was present [8, 12] . Under the assumption that the experimental data should be represented by a mono-exponential function we could compute the decay constants from Eq. (10). 
Results and discussion
Experimental plots for the time dependence of the¯uor-escence intensity for both¯uorescein and Rose Bengal in PVA ®lms with two compositions (0.01% and 0.1% w/w) and several temperatures are shown in Fig. 3 . The temperature range was chosen to cover values below and above the PVA glassy transition (T g 345 K) [12, 22, 23] . Comparing the experimental curves for both dyes, some important differences emerged: (1) the time scale for¯uorescein/ pva photobleaching is shorter than that for Rose Bengal/ PVA revealing a faster photobleaching process; (2) since Rose Bengal/PVA bleaches with a slower rate, higher temperatures were necessary to a considerable dye consumption.
The experimental curves were ®tted either by the B-model Eq. (7) or by exponential functions (Eq. (10)) for¯uores-cein and Rose Bengal in PVA at several temperatures. Although the mono-exponential function is very adequate to represent the kinetic behavior of Rose Bengal in PVA at both concentrations, only a bi-exponential function produces a better ®t for¯uorescein 0.01% in PVA. To perform a general data treatment applied for all samples we considered only single-exponential decay function in both cases Eq. (10) .
Taking into account the experimental and simulated kinetic curves showed in Fig. 4 , we observed that while the mono-exponential functions provided a reasonable ®t for all experimental data, B-model rendered a poor ®t. We demonstrated earlier that the mono-exponential function was not the best function to match the experimental data for 0.1%¯uorescein in PVA but this function provided a better ®t than the B-model. Furthermore, the ®t using the Bmodel was improved for temperatures higher than the PVA glassy transition.
The average number of photons absorbed by the unbleached dye (B values) was determined from the best ®t of the experimental data using Eq. (7). Using Eq. (9) we calculate the photobleaching decay constants for every temperature was calculated and these values were compared with those from the exponential decay. Both set of values were listed in Table 1 for 0.1% FL/PVA and 0.1% RB/PVA samples. A comparison between these values shows: that the values determined using both models are within the same magnitude order; values for¯uorescein are always lower than for Rose Bengal; there is a remarkable decrease of the decays at higher temperatures.Arrhenius plots for the temperature dependence of the photobleaching rate constants are presented in Fig. 5 using data obtained for mono-exponential functions. From these plots the apparent activation energies, E a (FL) 20.7 kJ mol À1 and E a (RB) 85 kJ mol À1 , were calculated. There also is a remarkable decrease (ca. three orders of magnitude) of decay constants for 0.1% FL/PVA between 260±280 K, calculated either by Eq. (9) (a poor adjustable model) or by Eq. (10) (a better kinetic model). Regardless that PVA undergoes relaxation processes in this temperature range ascribed to motions of molecular chains not hydrogen bonded [25, 26] we postulate that this relaxation processes induced important non-diffusional changes of the photobleaching reaction. However, this point should be studied in more detail.
In order to explain the remarkable differences between thē uorescein and Rose Bengal photobleaching rates in PVA, we considered a similar kinetic scheme for these reactions as proposed by Lindqvist [27, 28] and subsequently by Song et al. [8, 19] in their¯uorescence microscopy studies. This scheme (reactions a±i) considered that the reactive state for xanthene dyes is the triplet excited state and several sequential photophysical and photochemical processes could take place (reactions a±i): 
where S is the molecule in the electronic ground state, D . and DH . are the semioxidized and protonated semireduced molecules, respectively (Scheme 1); M electron or hydrogen donor groups. In our experimental conditions both the reactions (h) and (i) were neglected since we worked in the absence of O 2 .
Taking into account that in our experimental conditions both the reactions (h) and (i) can be neglected since we are working in the absence of O 2 we are assuming that three other mechanisms must be considered in the present case: (1) The triplet quenching (reactions a±c) leading to the dye deactivation without photobleaching reaction; (2) At lower concentration, the third mechanism (photobleaching in presence of either an electron or hydrogen donor groups) should be responsible by the reaction in very diluted FL/PVA samples. It is a slower process independent of the PVA relaxation processes and the kinetic can be simulated by a single-exponential function. For¯uorescein at higher concentrations both elementary pathways leading to the triplet quenching and the mechanism D-±D predominate should be quite effective and there was a faster photobleaching process dependent on the polymer relaxation processes. It was strongly enhanced if diffusional dye processes took place, as in the case of temperatures above the PVA glass transition. However, since at T < T g the matrix is almost freeze, a non-diffusive mechanism must be also present indicating that a static the D-±D mechanism is simultaneously operating at higher concentrations promoting a proximity induced D-±D reaction. Therefore, the effectiveness of the photobleaching reaction is a weight factor between the ef®ciencies of the bimolecular triplet± triplet deactivation and the dye±dye interaction producing a semi-reduced or semi-oxidized intermediates.
Regardless the intersystem crossing process is much more ef®cient for Rose Bengal than for¯uorescein due to the inner heavy atom effect [20, 29] . For example, although we do not have the rate constant for the intersystem crossing process for these dyes in PVA matrix, data reported for Rose Bengal in methanol indicate that k isc (RB) is at least two orders of magnitude faster than for¯uorescein [29] . Therefore, we should expect that if the photobleaching rate constants would only be dependent on the triplet state population faster photobleaching should be obtained. Considering that the rate constants of¯uorescein and Rose Bengal radiative processes are in the same time range (few nanoeconds for¯uorescence and milliseconds for phosphorescence emission decays) the difference of at least 2±3 orders of magnitude for the photobleaching rates for RB/PVA compared with FL/PVA should involve subsequent slower elementary steps after the population of the triplet state. Moreover, while the photochemical rate constants for RB/PVA is not altered by the dye concentration, differently of the FL/PVA system, the D-±D mechanism (reaction d) should not be signi®cantly operative.
In an attempt to explain the main differences between photobleaching reactivity of¯uorescein and Rose Bengal we must consider not only the elementary pathways described earlier and the relative ef®ciencies of the bimolecular processes leading to either the triplet quenching (reactions b, c, f and g) or the electron transfer (reactions d and e) but also the differences in the ®rst step of the photobleaching process. Similar to¯uorescein, the photobleaching process of Rose Bengal in our experimental conditions produces a colorless reaction product. However, as well established, during Rose Bengal photobleaching, there is sequential removal of halogen atoms of the xanthene moiety [9±11]. Consequently, to produce the ®nal product, the¯uorescein leuco-specie, a higher number of photons must be absorbed. Moreover, the intrinsic viscosity of the polymer matrix at T < T g is very high that increases signi®cantly the probability if in-cage radical recombination restoring the original unbleached dye. At present we can not demonstrate whatever is the most important competitive pathway to explain the slower photobleaching rate for Rose Bengal compared with¯uorescein in PVA. There are three possible steps: (1) the necessity of a higher number of photons due to the sequential dehalogenation processes, (2) the triplet quenching process recovering the original dye molecules in the electronic ground state, and, (3) the D-±D interactions produces the non-bleached molecule in the electronic ground sate. Otherwise, in the case of¯uorescein the electron transfer reaction produces both the semioxidized and semireduced dye molecules and then, the D-±D mechanism produces the intermediate molecules that are able to produce the leuco-dye. Therefore, while the D-±D mechanism ef®ciently produces the photobleaching process of¯uorescein; there is a quenching of the triplet state recovering the non-excited Rose Bengal.
Conclusions
Photobleaching kinetic of¯uorescein and Rose Bengal dyes dissolved in PVA matrix were analyzed using two different approaches: the B-model and the single exponential functions. Although the B-model is not adequate to describe the kinetic rates at temperatures below the PVA glassy transition, it allowed us to calculate the average number of photons to be absorbed before the bleaching process. These data show the Rose Bengal must absorb a higher average number of photons than¯uorescein, as shown by the decay constants with a higher magnitude order.
The proposed mechanism to explain the photobleaching processes for these xanthene dyes dissolved in PVA should include three types of elementary steps, involving molecules in the electronic excited triplet state. If these dyes contain halogenated xanthene moiety, another pathways related to the sequential dehalogenation steps must be included. In the absence of molecular oxygen the dye photobleaching processes in dilute samples are slow and since we did not expect bimolecular interactions between two dye molecules, the reaction should involve the PVA macromolecule. The detailed mechanism for the reaction involving the polymer chain remains unclear at the present since polymer samples do not contain extrinsic detectable additives or residual catalyst. The second type of mechanism results in a faster reaction that depends on the dye-dye interaction and predominates for higher concentrated samples. In the case of uorescein, this process leads to an oxidized or semireduced dye form, producing the colorless di-hydro form. In the case of Rose Bengal this process quenches the triplet state producing the unbleached dye in the electronic ground state. The difference between the rate processes of the quenching and electron transfer processes of the molecules in the electronic triplet excited state should be responsible for the relative photostability of Rose Bengal in PVA matrix.
